The objective is attained here by the development of continuous linearized models for the switched power stages in Fig. 2 ; thus, the power stage and controller can be treated as separate linear blocks.
shows representative power-stage types (buck, boost, and buck-boost) commonly used in switched converters; the assumed load is resistive R, and resistances RI and RC are included to account for parasitic losses exposed by large currents in the physical inductor and capacitor. The nature of circuit operation has been adequately discussed elsewhere [1] , and will not be reiterated here. The duty ratio D, defined as the fraction of time that the chopping switch is closed, is a control mechanism for varying the dc output voltage. One can assume without loss of generality that the switch is driven by the digital signal d according to 
Consequently, D is numerically equal to the dc average of d(t).
When the converter is part of a regulator in which the controller input e is generated from an appropriate feedback signal, then closed-loop stability becomes important. Stability can be examined if one knows how a disturbance in e propagates through the controller and power stage to affect d and v. A given switch controller can be characterized, at least approximately, by describing-function analysis, but the power stage, because it is a switched nonlinearity not amenable to conventional analysis, has succumbed only to a static description [21 of the dc output in terms of duty ratio. In review, the static ratio of dc output to dc source input varies with duty ratio and is always less than unity for buck, always greater than unity for boost, and either greater or less than unity for buck-boost power stages. The present objective is to extend the static description of power stages by analyzing dynamic (e.g., transient and vs (t) Presented at the Third IEEE Power Processing and Electronic Specialists Conference, Atlantic City, N.J., May 1972.
Manuscript received May 15, 1972. sinusoidal) variations of the two power-stage inputs. In essence, this means finding the effective transfer functions which relate vs and e to power-stage output v, even though the power stage is switched and nonlinear. Previous attempts at dynamic analysis were either prematurely stalled [3] before reaching simple equivalent circuits and tractable expressions, or thwarted by poor experimental correlation [4] . The objective is attained here by the development of continuous linearized models for the switched power stages in Fig. 2 Fig. 2(B) . The factor 1 - 
T-
The effect of averaging is approximately that of a low-pass filter with cut-off frequency ws = 2ir/T. The time-averaged model of the boost power stage is shown in Fig. 4 out. Although the model is still basically nonlinear, the dependent generator gains are now continuous. In the same manner, averaged models of the buck-boost and buck power stages, respectively, are obtained and illustrated in Fig. 4 (B) and (C). Because its dependent generator gains are unity, the averaged buck power stage can be simplified to the linear equivalent circuit in Fig. 4(D) .
The 
which, with (3) and Fig. 4(A) , yields the averaged model shown in Fig. 6 where
Equation (6) Based on (4) and (9), one can show that (10)
The control perturbation causes corresponding perturbations of the averaged state variables, as expressed by <v>(t) = V + vi(t) <i(t) = I + i(t). Fig. 4(A) , is shown in Fig. 1O(A) . After the unperturbed values of the state variables are evaluated from the steady-state equivalent circuit in Fig. 1O(B) and subtracted from Fig. 10(A) , the equivalent circuit which remains for perturbations is shown in Fig. 1O(C) . The circuit in Fig. 1O(C For each generator, one of the remaining terms is proportional to the independently forced control perturbation, while the other is proportional to a circuit-dependent perturbation, so that meaningful separations into dependent and independent generators can be accomplished. Following the procedure described in the preceding subsection, one can normalize to unity the gains of the dependent generators to reveal the circuit illustrated in Fig. 1O(D) . The dotted section of Fig. 10(D) should be recognized as an ideal unitygain transformer, so it can be simplified as shown in Fig.   1O (E). The presence of two generators in Fig. 1O(E) and Gf(s) is the filter transform function given by (7). Analytic expressions for the normalized filter and amplifier factors are contained in Table I (22) ff -l RI X buck-boost.
Since R1/R, and consequently Do, is typically small, Ca is usually positive, so that both the phase lag and amplitude of A(jco) increase with co. Fig. 13 shows the block diagram of Gc(s), in order to expose the similarity of interpretation of (15) and (6) .
Rather unusual analytical results have been derived from the averaged power stages. To the authors' knowledge, no tractable analysis of the transient or frequency response associated with a control variation has appeared in the literature for boost or buck-boost power stages. However, Kossov [2] has performed an exact static analysis of the source-to-output gain for the three basic power stages; so, for comparison, the corresponding gains will be derived from the averaged power-stage models.
For static conditions expressed by (3) and (8) Of the two input variations considered in the preceding section, responses to control variations are considerably more interesting because the averaged power-stage models are nonlinear with respect to control variations. Analog computer simulations [1] of the switched power stages in Fig. 2 and the corresponding averaged power stages in Fig. 4 are subjected to transients and sinusoidal perturbations of the control for comparison with the analytic expressions just derived; but, first, a specific switch controller is chosen to operate the switched power stage.
Switch Controller
A pulsewidth modulator (PWM) is used to control the switches in the computer simulation of the power stages in Fig. 2 
where U + u < I and U-u > 0, then the spectrum of the controller output shown in Fig. 14 Whether co and cos are commensurable or not, the describing function of the PWM can be approximated well for small u by exp (-jcU7T). Thus, the frequency response of the PWM can be modeled by a phase lag which increases linearly with modulation frequency cw.
Component Values
The following numerical values are consistent with typical design constraints (L/R» >> T, RC >> T, 2L/R > 7) and will be used henceforth for specific analysis: Fig. 18 , and show that data correlation with the computed curve in Fig. 17 would be much worse if any single theoretical factor were missing. In particular, the presence of the effective amplifier term, novel because of its real positive zero, has been confirmed.
Closed-Loop Behavior
Given that the open-loop frequency response of switched power stages is approximated by that of the averaged models, one should investigate how well the closed-loop behavior of the switched system can be predicted by the averaged system. One must remember that validity of stability predictions from the averaged model is inherently limited to frequencies less than the switching frequency. The objective of this section is to provide a comparison between theoretical closed-loop stability of averaged systems and experimental stability measurements of switched systems.
The feedback configuration used for stability analysis is shown in Fig. 19, and 
